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A B S T R A C T
Background: Altered scapular kinematics have been associated with shoulder pain and functional limitations. To
understand kinematics in persons with spinal cord injury during manual handrim wheelchair propulsion, a
description of normal scapular behaviour in able-bodied persons during this specific task is a prerequisite for
accurate interpretation. The primary aim of this study is to describe scapular kinematics in able-bodied persons
during manual wheelchair propulsion.
Methods: Sixteen able-bodied, novice wheelchair users without shoulder complaints participated in the study.
Kinematic and kinetic data were collected during a standardized pose in the anatomic posture, frontal-plane arm
elevation and low-intensity steady-state handrim wheelchair propulsion and upper-body Euler angles were
calculated.
Findings: Scapulothoracic joint orientations in a static position were 36.7° (SD 5.4°), 6.4° (SD 9.1°) and 9.1° (SD
5.7°) for respectively protraction, lateral rotation and anterior tilt. At 80° of arm elevation in the frontal plane,
the respective values of 33.4° (SD 8.0°), 23.9° (SD 5.4°) and 4.1° (SD 11.3°) were found. During the push phase of
manual wheelchair propulsion, the mean scapular rotations were respectively 32.7° (SD 7.1°), 7.1° (SD 9.2°) and
9.8° (SD 8.3°).
Interpretation: The orientation of the scapula in a static pose, during arm elevation and in manual wheelchair
propulsion in able-bodied participants showed similar patterns to a previous study in persons with para- and
tetraplegia. These values provide a reference for the investigation of the scapular movement pattern in wheel-
chair-dependent persons and its relation to shoulder complex abnormalities.
1. Introduction
In comparison to the general population, the prevalence of shoulder
pain in persons with an SCI is high: around 30–70% (Curtis et al., 1995;
Gironda et al., 2004; Turner et al., 2001) whereas in the general po-
pulation it is estimated to be 7–27% (Luime et al., 2004).
Shoulder pain affects the quality of functioning and peak capacity of
wheelchair-dependent persons with SCI during activities of daily life
(Ballinger et al., 2000; Salisbury et al., 2003; Samuelsson et al., 2004).
Considering that persons with SCI are highly dependent on their upper
extremities for activities of daily life such as dressing, mobility and self-
care (Eriks-Hoogland et al., 2011; van Drongelen et al., 2006), the
impact of this pain can be substantial.
One of the possible factors contributing to musculoskeletal shoulder
pain is subacromial impingement syndrome; a narrowing of the sub-
acromial space leading to impingement and inflammation or even im-
pairment of structures in the subacromial cavity, such as nerves, bursae
and tendons (Finley et al., 2005). Subacromial impingement syndrome
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has been closely related, either causative or compensational, to ab-
normal movement patterns of the scapula (increased medial rotation
and anterior tilt) (Clarsen et al., 2014; Kibler et al., 2012; Kibler and
McMullen, 2003; Struyf et al., 2011; Timmons et al., 2012). These ab-
normal movement patterns are often referred to as scapular dyskinesia
(Kibler and Sciascia, 2010).
To prevent shoulder complaints in persons with SCI, early diagnosis
and treatment of such movement disorders are required. However, in
order to diagnose dyskinesia in persons with SCI, the normal movement
pattern of the scapula and shoulder complex need to be well understood
in this population.
During frontal-plane arm elevation, the movement pattern of the
scapula is well described in an able-bodied population. With increasing
TH elevation, the scapula tilts posteriorly and rotates laterally with
respectively 0.1° (SD 0.03°) and 0.3° (SD 0.1°) per ° of elevation (Barnett
et al., 1998; de Groot et al., 1999; Forte et al., 2009; Kijima et al., 2015;
Lawrence et al., 2014; Lee et al., 2013; Ludewig et al., 1996; Matsuki
et al., 2011; McClure et al., 2001; van den Noort et al., 2014, 2015).
During manual wheelchair propulsion, the kinematics of the GH
joint have been described elaborately in both able-bodied subjects and
persons with SCI (Acosta et al., 2001; Forte et al., 2009; Jahanian et al.,
2016; Koontz et al., 2002; McClure et al., 2001; Rao et al., 1996).
However the movement pattern of the scapula has not been described
with sufficient consistency in these populations. To better understand
these kinematics in actual wheelchair users and more closely designate
the roles of either pathology or training in the development of shoulder
problems, a description in able-bodied subjects is helpful and thus the
primary aim of this study. In able-bodied subjects, no confounding al-
terations are expected as may be prevalent in SCI subjects due to muscle
paralysis or postural changes. Hence the primary aim of the study is to
describe the kinematics of the scapula during manual wheelchair pro-
pulsion in able-bodied persons.
The secondary aims are firstly to describe the kinematics of the total
shoulder complex during a static position, arm elevation in the frontal
plane and during low-intensity manual wheelchair propulsion and
secondly to investigate the scapular movement pattern and the kine-
matics of the thorax, SC joint, AC joint and GH joint and arm segment
lengths during the push phase of manual wheelchair propulsion.
2. Methods
2.1. Study participants
Sixteen able-bodied participants, novel to manual wheelchair pro-
pulsion, (10 males, 6 females) with a mean age of 25.4 years (SD 8.3),
mean body mass of 71.1 kg (SD 13.8) and mean height of 1.79m (SD
0.09), voluntarily participated in this study. Exclusion criteria were any
prior experience with manual wheelchair propulsion, intensive regular
upper-body exercise or medical contra-indications according to the 7-
item Physical Activity Readiness Questionnaire (ACSM, 2009). All
participants were informed about the nature of the study before giving
written informed consent.
The local ethics committee of the Centre for Human Movement
Sciences, University Medical Centre Groningen, University of
Groningen, the Netherlands approved the study protocol.
2.2. Protocol
Prior to the experiment, the air-filled tires on both wheels of the
experimental, handrim-propelled wheelchair (12 kg, 24-in. wheels,
Glossary
AC Acromioclavicular joint
ACD Dorsal acromioclavicular joint
ACV Ventral acromioclavicular joint
ACM Acromion cluster marker
CV Coefficient of variation
GH Glenohumeral joint
ICC Intraclass correlation
LCS Local coordinate system
RMSE Root mean square error
SC Sternoclavicular joint
SCI Spinal cord injury
ST Scapulothoracic joint
TH Thoracohumeral joint
Fig. 1. A schematic overview of the experimental setup with the pulley system to reinforce the desired external power output (A) and the drag test, performed to determine the rolling
resistance of the experimental wheelchair with the subject seated in it (B). Image adopted with permission from (Vegter et al., 2013).
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Double Performance BV, Gouda, the Netherlands) were inflated to
6.105 Pa. with the participant seated in it. Active infrared cluster mar-
kers were attached to the upper body. The position of the upper-body in
the anatomic posture was measured, while the participant was seated in
a manual wheelchair. A drag test was performed to individually de-
termine the rolling resistance (van der Woude et al., 1986) (Fig. 1B).
Subsequently, a standardized arm elevation movement in the frontal
plane was performed at self-selected speed; seated in the wheelchair,
the subjects were instructed to raise their arm from the hanging resting
position until the arm was horizontal. After that, participants propelled
their chair on a level motorized treadmill (Forcelink BV, Culemborg,
the Netherlands) at 1.1 m/s. Each subject performed manual wheelchair
propulsion during three steady-state 4-min trials, with 2-min rest in-
tervals. The power-output was fixed at 0.20W per kg body mass (the
individuals calculated rolling resistance with the addition of a calcu-
lated mass using a pulley system (Veeger et al., 1989) (Fig. 1A)).
2.3. Instrumentation
2.3.1. Kinematic data collection
Three-dimensional positions of the trunk and the right arm were
collected using an optoelectric camera system (Optotrak, Northern
Digital, Waterloo, Canada) at 100 Hz. Technical cluster markers were
attached to the right side of the participants' body on the back of the
hand, dorsal wrist, distal humerus, sternum and on the wheelchair. A
technical cluster marker placed on the acromion processus was used to
track the motion of the scapula (van Andel et al., 2009) (Fig. 2).
Thirteen bony landmarks, with the addition of the second and fifth
metacarpal joints and the ventral AC joint, were probed using a pointer
during calibration measurements to define their position relative to
their cluster markers (Wu et al., 2005).
2.3.2. Experimental wheelchair
The right rear wheel of the wheelchair was replaced with one of two
instrumented wheels, either a Smartwheel (Three Rivers Holding LLC,
Mesa, USA) or an Optipush (Max Mobility LCC, Antioch, USA), while
the left rear wheel was replaced with a dummy wheel of similar weight,
size and inertial characteristics. The start of the kinematic and kinetic
data collection was electronically synchronised.
2.4. Data reduction and analysis
One representative arm elevation cycle, from the resting position to
the maximum amplitude and back to the resting position, was selected
per subject.
Four consecutive, representative propulsion cycles from the last
minute of the third four-minute block were selected for each subject. A
propulsion cycle was defined as a push phase, (the period of positive
torque around the z-axis of the wheel> 1Nm) and a recovery phase,
(the period between the end of a push phase and the start of the con-
secutive push phase).
Motion data was converted to LCS of the thorax, scapula, humerus
and forearm according to the ISB guidelines (Wu et al., 2005), with
exception of a deviating LCS definition of the clavicle. This was done to
account for axial rotation of the SC joint, under the assumption of
minimal AC rotation (van der Helm and Pronk, 1995). The LCS of the
clavicula was defined as: z-axis as vector from the SC joint to ACD; the
y-axis as the vector perpendicular to the plane formed by ACD, ACV and
SC, pointing cranially and the x-axis as the vector perpendicular to the
y-axis and z-axis, pointing ventrally.
Using these calibrations, the three-dimensional coordinates of the
bony landmarks were reconstructed during the experiment.
Subsequently, a linear regression method was used to calculate the
rotation centre of the glenohumeral joint (GH) (Meskers et al., 1998).
Landmarks were low-pass filtered (zero-phase, 10 Hz, 2nd order But-
terworth). Subsequently, Euler angles were calculated. For clarity, the
thoracohumeral joint (TH) and GH elevation angles (negative according
to ISB definition) are presented as positive values.
The segment length of the humerus was defined as distance between
the midpoint of the medial and lateral humeral epicondyles of the hu-
merus and the GH joint. The length of the ulna was defined as the
distance between the medial humeral epicondyle and the ulnar styloid
processes. Total arm length was the sum of the humeral and ulnar
length. The distance between the spines of the seventh cervical vertebra
and the eighth thoracic vertebra was taken as indicator of the length of
the thorax.
Kinetic data were low-pass filtered (zero-phase, 10 Hz, 2nd order




Group means and standard deviations were calculated for the Euler
angles of the upper body during the static pose in the anatomical pos-
ture, from 30° to 80° of arm elevation in 10° intervals (both ad- and
abduction).
The mean angles and ranges were calculated for four consecutive
push-phases, and subsequently the mean joint angles, mean ranges and
coefficient of variation (CV) were calculated per-participant. A range of
a push was defined as the absolute maximum value minus the absolute
minimum value of a rotation.
2.5.2. Multilevel model definition
In order to perform an in-depth analysis of the relationship between
the scapular motion pattern and the orientation of the thorax, humerus
and clavicula during the push phase of manual wheelchair propulsion,
multilevel regression analysis was performed to account for both inter-
and intra-individual variances. Statistical analyses were performed,
using the statistical programme “R” version 3.2.3 (R Core Team, 2013)
and the packages “lme4” version 1.1–9 (Bates et al., 2015) and “irr”
version 0.84 (Gamer et al., 2015).
Datasets of fourteen participants, containing four consecutive push-
phases during the third four-minute block, were randomly selected out
Fig. 2. Placement of the technical cluster markers (orange triangles) on the subjects' right
acromion processus, caudal sternum, distal humerus, distal forearm, hand and experi-
mental wheelchair. Image adopted with permission from (Vegter et al., 2015).
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of the sixteen available datasets to define the multilevel models. The
remaining two datasets were used for the validation of the multilevel
models. In total, three models were defined for the three movements of
the scapula relative to the thorax, respectively scapular protraction/
retraction, lateral/medial rotation and anterior/posterior tilt. The or-
ientations of the thorax, SC joint and TH joint, the lengths of the thorax
and arm segments and the moments around the GH joint were first
studied univariately in relation to the three scapular rotations. All
variables that related significantly (p < 0.05) in the univariate analysis
were used for the multivariate models. Using backward regression, one-
by-one, non-significant terms were removed to reach the final models.
The maximum likelihood estimation and coefficient of determination
(r2 value) were used to quantify the fit and the quality of the models
respectively. The p-value of the maximum likelihood estimation was
obtained using the chi-square distribution; r2 was defined as:
r2=1− (residual variance)/(total model variance).
SC axial rotation was not included in the multilevel models, since
the forward pointing axis of the clavicula is defined by the ventral and
dorsal AC joints. These landmarks are defined in the cluster marker of
the scapula. Therefore, by definition, a strong relation between SC axial
rotation and scapular motion is expected.
2.5.3. Multilevel model validation
The two datasets, out of the sixteen available, that were not selected
to define the models, were used to validate the multilevel models. The
quality of the models was expressed by the ICC between measured and
estimated data and the RMSE of the differences between the measured
and estimated data for each of the remaining subsets.
3. Results
3.1. Scapular kinematics in a standardized static pose
In the anatomical posture, 34.7° (SD 5.3°) of protraction, 6.8° (SD
9.2°) of lateral rotation and 9.3° (SD 5.8°) of anterior tilt were observed
at 18.7° (SD 10.0°) of TH elevation. See Table 2 for a full overview of
the upper body kinematics in all tasks.
3.2. Scapular kinematics during arm elevation
At 80°of TH elevation in the frontal plane, scapular protraction and
anterior tilt were respectively 33.4° (SD 8.0°) and 4.1° (SD 11.3°), lat-
eral rotation increased to 23.9° (SD 5.3°). See Table 2 for a full overview
of the upper body kinematics at 40° and 80° of TH elevation and Fig. 3
for a detailed overview of the ST kinematics during arm elevation.
On average, the scapular kinematics during arm elevation were in
agreement with earlier bone pin studies, showing comparable values for
the ST kinematics of around 35° of protraction and no effect of elevation
angle (Lawrence et al., 2014; McClure et al., 2001) in able-bodied,
healthy participants. The current study found 11.8° (SD 8.3°) of lateral
rotation at 40°of TH elevation, increasing to 23.9° (SD 5.4°) at 80° of TH
elevation. Scapular posterior tilt was found to be −7.3° (SD 6.3°) at 40°
of TH elevation, and up to −4.1° (SD 11.3°) at 80° of TH elevation and
slightly increasing with increasing TH elevation angle. Both the
movement pattern and the values are comparable to the aforemen-
tioned studies.
3.3. Scapular kinematics during manual wheelchair propulsion
During the dynamic and relatively forceful push phase of manual
wheelchair propulsion, the following one-push mean values of ST ki-
nematics were found; 32.7° (SD 7.1°) for ST protraction, 7.1° (SD 9.2)
for ST lateral rotation and 9.8° (SD 8.3°) for ST anterior tilt. Their re-
spective ranges were of 15.6° (SD 5.2°), 8.8° (SD 7.5°) and 10.1° (SD
4.6°) (see Table 1). An overview of the ST kinematics during a mean,
standardized propulsion cycle is shown in Fig. 4. On average, a push
phase lasted for 38% of a full propulsion cycle at the belt speed of
1.11m/s and 0.20W/kg. The average power output was 16.4W (SD
3.7W). For the ST kinematics, coefficients of variations for inter-cycle
variability for the absolute values were 0.02 for ST protraction, 0.24 for
ST lateral rotation and 0.14 for ST anterior tilt, while the respective
CV's for the push-ranges were 0.08, 0.14 and 0.08. All CV values can be
found in Table 1.
3.3.1. Multilevel models
Multilevel models were defined based on fourteen out of sixteen
randomly selected subsets describing submaximal, steady-state manual
wheelchair propulsion. The univariate analysis showed that the axial
rotation and lateral flexion of the thorax, the length of the thorax and
external load around the GH joint did not contribute to the prediction of
the scapular movement pattern, nor did the length of the individual arm
segments (see Table 2).
Finding from the multivariate model for ST protraction indicate a
strong negative association with forward flexion of the thorax and de-
pression in the SC joint and a positive association with protraction of
the SC joint and elevation of the TH joint. This model has an r2 value of
0.67 and a RMSE of 2.42°.
The multivariate model for ST lateral flexion showed a strong po-
sitive relationship with forward flexion of the thorax and protraction
and depression in the SC joint, but not with the elevation of the TH
joint. The length of the arm does have a relationship with ST lateral
rotation. The r2 and RSME values were respectively 0.61 and 8.07°.
Fig. 3. Mean scapulothoracic joint (ST) kinematics during the ascending and descending phase of arm elevation (respectively abduction (∘) and adduction (•)) in the frontal plane, at 30°
to 80° of thoracohumeral (TH) elevation (N=16 except for 80° of TH elevation where N=14). The vertical line indicates one standard deviation.
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The last multivariate model, for ST posterior tilt, showed positive
relations with protraction in the SC joint and the plane of elevation of
the TH joint.
For the model validation on two subsets, the ICC and RMSE values
of the model-predicted data and measured data were calculated. The
ICC and RMSE for ST protraction for the first and second dataset were
respectively ICC= 0.82 (p < 0.01, RMSE 4.45°) and ICC=0.76
(p < 0.01, RMSE 4.21°), for ST medial rotation ICC=0.68 (p < 0.01,
RMSE 6.59°) and ICC=0.76 (p < 0.01, RMSE 5.18°) and for ST
anterior tilt ICC= 0.63 (p < 0.01, RMSE 6.87°) and ICC=0.69
(p < 0.05, RMSE 7.63°). The RMSE values are in the same order of
magnitude as the RMSE of the multilevel models and the ICC values are
acceptable, indicating an acceptable predictive value of the models.
4. Discussion
The current study provided a detailed description of the scapula's
orientation in a static position and its movement pattern during frontal-
plane arm elevation and manual wheelchair propulsion in a group of
novices. This description will further aid in the understanding and in-
terpretation of the scapular behaviour in wheelchair users, e.g. persons
with an SCI, and in the context of the development of shoulder pro-
blems in this population.
4.1. Static pose in anatomical position
To put the current study into context, the study of Ludewig and
colleagues described the resting position of the scapula in able-bodied
participants, measured with bone-fixed sensors, in a standardized po-
sition with the arm along the participant's side (Ludewig et al., 2009).
Transformed into Euler angles in the ISB proposed format, their
findings were 41.1° (SD 2°) of protraction, 5.4° (SD 1°) of lateral rota-
tion and 13.5° (SD 2°) of anterior tilt. The difference with the current
study could be due to the differences in instrumentation used; in the
current study, skin mounted cluster markers were used to measure the
position of the scapula and thorax in contrast to bone-fixed sensors in
the study of Ludewig and colleagues. The observed differences are
within the RMSE values found in a validation study between the ACM
and bone-fixed sensors (Karduna et al., 2001).
Even though the ACM can be inaccurate due to soft-tissue artefacts,
errors in positioning and a varying centre of rotation of the scapula
(Ludewig et al., 1996), the ACM has been shown to be both reliable
(Haik et al., 2014; Warner et al., 2015) and valid in healthy, able-
bodied participants in comparison to bone-fixed sensors and radi-
ological measures (Lempereur et al., 2014). Since the use of the non-
invasive ACM does allow for unrestrained movement and is a reliable
and valid instrument, it has been used in the current study. To minimize
systematic error, one researcher performed all palpations.
4.2. Scapular kinematics during arm elevation
On average, the scapular kinematics during arm elevation were in
agreement with earlier bone pin studies, showing comparable values for
the ST kinematics of around 35° of protraction and no effect of elevation
angle (Lawrence et al., 2014; McClure et al., 2001) in able-bodied,
healthy participants. The current study found 11.8° (SD 8.3°) of lateral
rotation at 40°of TH elevation, increasing to 23.9° (SD 5.4°) at 80° of TH
elevation. Scapular posterior tilt was found to be −7.3° (SD 6.3°) at 40°
of TH elevation, and up to −4.1° (SD 11.3°) at 80° of TH elevation and
slightly increasing with increasing TH elevation angle. Both the
movement pattern and the values are comparable to the aforemen-
tioned studies.
Fig. 4. Mean scapulothoracic joint (ST) kinematics during a standardized manual wheelchair propulsion cycle (time normalized) on a motor driven treadmill (v= 1.11m/s, PO=16.4W
(SD 3.7W). The bold line indicates the mean of all per-participant means over 4 complete propulsion cycles. The grey area encloses one standard deviation from the mean. On average, a
push-phase was 38% of the complete propulsion cycle.
Table 2
Multilevel models for the prediction of the 3D scapular motion pattern from the position of the thorax and arm (N=14). Shown are the coefficients of the final models with their
respective r2, p-values and RMSE. Data from 14 randomly selected subsets, containing 4 consecutive push-phases of manual wheelchair propulsion, were used to define the models.
ST joint Intercept Thorax SC joint TH joint Segment lengths P a r2 b RMSE
Flexion Lat rot Ax rot Protr Depr Elev Pl. elev Int rot Thorax Hum Ulna Arm
Protraction 40.02 −0.12 / / 0.51 −0.39 0.07 / / / / / / <0.001 0.67 2.42°
Lateral rotation −12.1 0.58 / / 0.81 0.94 / – – / / / 0.00012 <0.001 0.61 8.07°
Posterior tilt 2.98 / / / 0.33 / / 0.05 / / / / / <0.01 0.52 7.44°
/= term was eliminated in the univariate analysis; −=term was eliminated in the backwards regression; a= p-value was calculated according the chi-square distribution, comparing
the maximum-likelihood statistic of the final model to the initial model; b= r2 was defined as: 1 - r2=(residual variance)/(total model variance).
RMSE= root mean square error; SC= sternoclavicular; TH= thoracohumeral; ST= scapulothoracic.
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4.3. Scapular kinematics during manual wheelchair propulsion
During wheelchair propulsion at 1.1 m/s, the ST and GH kinematics,
both the movement patterns and ranges showed similarities to the study
of Zhao and colleagues (Zhao et al., 2015). In that study, the ST and GH
movement pattern is described in persons with SCI (both tetraplegia
and paraplegia, 13M 2F, 39 years of age (SD 12 years), 14 years of
wheelchair use (SD 9 years)) with mild to moderate shoulder pain
during wheelchair propulsion. However, the velocity of wheelchair
propulsion and exact mean rotation values and their ranges were not
specified in their study. Even though no exact values are given in the
study of Zhao and colleagues, the values for ST protraction and ST
medial rotation in the current study appear to be systematically higher
over a propulsion cycle and ST posterior tilt appears to be lower.
The study of Roux and colleagues (Roux et al., 2006) described
manual wheelchair propulsion in novice, able-bodied participants at
1.1 m/s and found a mean range of 31.3° (SE 3.3°) of ST protraction,
8.7° (SE 1.5°) of lateral rotation and 13.7° (SE 1.4°) of posterior tilt.
However, these values are calculated using the YZ′X″ decomposition
order. Expressed in the ISB recommended YX′Z″ decomposition format,
these values are respectively 33.3° of protraction, 13.5° of lateral ro-
tation and 9.0° of posterior tilt.
The study of Koontz and colleagues (Koontz et al., 2002) described
GH kinematics during manual wheelchair propulsion in persons with
paraplegia (17M 10F, 36 years of age (SD 10 years), 11 years of
wheelchair use (SD 5 years)) at 0.9m/s and 1.8m/s on a dynamometer.
However, comparison is difficult due to a different definition of the TH
orientations and matrix decomposition order, however a mean TH
elevation angle of 42° and a range of around 16° of humeral elevation as
well a range of 28° humeral internal rotation are in agreement with the
current study.
Even though the study of Rao and colleagues did not describe the ST
joint kinematics, it does allow for comparison of CV values, GH kine-
matics and forward flexion of the thorax (Rao et al., 1996). The persons
with low-level paraplegia in this study seemed to use the same motion
ranges of GH elevation plane and elevation, but more humeral internal
rotation, possibly due to different propulsion techniques, as a result of
training and skill.
4.3.1. Multilevel models
In general, the current multilevel models show similar r2 and RMSE
values as prior studies (de Groot and Brand, 2001; Grewal and
Dickerson, 2013; Veeger et al., 1993). In their study, de Groot and
Brand developed a model based on various static orientations, both
with and without external loading while the study of Grewal and
Dickerson developed a model based on arm elevation in different
planes. This could limit the applicability and therefore comparability to
manual wheelchair propulsion. The model of Veeger and colleagues on
the other hand was based on a simulated wheelchair push under static
conditions.
In contrast to earlier research (de Groot and Brand, 2001; Grewal
and Dickerson, 2013) no relations were found in the final models be-
tween the humeral elevation angle and the motion of the scapula during
arm elevation. This could be due to the different nature of the wheel-
chair push where the humeral elevation is typically low and with a
limited range, between 30° and 60° (Feng et al., 2010; Rao et al., 1996).
The models as defined by de Groot and Brand as well as by Grewal and
Dickerson involved TH elevation angles up to 180°. Therefore, the
multilevel models as defined in this study should be used with caution,
when applied to motions with higher expected elevation ranges.
4.4. Implications
Further research on scapular kinematics and its relation to shoulder
pathology in manual wheelchair dependent populations can profit of
these findings as reference values. It will allow a detailed comparison of
scapular kinematics in a wheelchair dependent population to the able-
bodied population.
5. Conclusion
The normal movement pattern of the scapula has been described in
a static pose and during arm elevation and manual wheelchair pro-
pulsion in able-bodied persons. The movement pattern shows good
comparability to earlier studies in able-bodied and persons with SCI,
but absolute values differ for ST protraction and ST anterior tilt.
These findings can provide further support in the understanding of
normal and altered upper body kinematics in persons with limited
upper-body function, for example persons with a spinal cord injury.
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